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We classify new physics signals in coherent elastic neutrino-nucleus scattering (CEνNS) processes induced
by 8B solar neutrinos in multi-ton xenon dark matter (DM) detectors. Our analysis focuses on vector and scalar
interactions in the effective and light mediator limits after considering the constraints emerging from the recent
COHERENT data and neutrino masses. In both cases we identify a region where measurements of the event
spectrum alone suffice to establish whether the new physics signal is related with vector or scalar couplings.
We identify as well a region where measurements of the recoil spectrum are required so to establish the nature
of the new interaction, and categorize the spectral features that enable distinguishing the vector from the scalar
case. We demonstrate that measurements of the isospin nature of the new interaction and thereby removal of
isospin related degeneracies are possible by combining independent measurements from two different detectors.
We also comment on the status of searches for vector and scalar interactions for on-going multi-ton year xenon
experiments.
I. INTRODUCTION
Next-generation direct detection dark matter (DM) experi-
ments will be challenged by irreducible solar neutrino back-
grounds and eventually, as exposure increases, by atmospheric
neutrino fluxes as well [1]. With fairly large portions of the
WIMP parameter space already explored, further exploration
of DM direct detection signals in the near future call for multi-
ton size detectors. Experiments such as XENONnT, LZ and
DARWIN [2–4] soon after their operation will start observing
neutrino-induced nuclear recoils, thus making the identifica-
tion of an actual signal a difficult task. For that reason, exper-
imental techniques that enable identifying background signal
events from WIMP-induced recoils have been recently dis-
cussed. They include identification of WIMP signals by their
direction dependencies [5, 6], time dependencies induced by
WIMP and solar neutrino annual modulation [7] and multiple
target detectors [8].
Although neutrino backgrounds certainly pose a problem
for DM searches, they offer as well various physics opportu-
nities, as they can be used as a tool for detailed studies of:
(i) The coherent elastic neutrino-nucleus scattering (CEνNS)
process, (ii) solar and low-energy atmospheric neutrino fluxes,
(iii) solar and supernova physics. Various analyses touching
different aspects of these subjects have been already consid-
ered in the literature. Measurements of the CEνNS process
in DM detectors will provide complementary information to
that arising from dedicated CEνNS experiments such as CO-
HERENT [9, 10], CONNIE [11], CONUS [12] and ν-cleus
[13]. That information can be used to test the presence of
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new physics in the form of e.g. neutrino non-standard inter-
actions (NSI) [14–16], vector or scalar light mediators [17] or
neutrino generalized interactions (NGI) [18]. The observation
of the CEνNS process will allow a better understanding of
solar and atmospheric neutrino fluxes, the latter poorly under-
stood with uncertainties of up to order 50%. Precise measure-
ments of low-energy solar neutrino fluxes will in turn improve
upon our understanding of solar physics [19], while a ton-size
detector such as XENONnT will be sensitive to a supernova
burst up to ∼ 35 kpc from earth, thus providing valuable in-
formation on supernova properties [20].
The CEνNS and/or the electron-neutrino elastic cross sec-
tions are affected by the presence of new physics in differ-
ent ways. Since neutrino-quark NSI are a parametrization of
a four-fermion neutral current process, their effect is just a
global rescaling (upwards or downwards) of the SM differ-
ential cross section [14, 15, 21]. Light mediators interac-
tions (vector or scalar) change that behavior by introducing
an extra momentum transfer dependence, which induces ad-
ditional spectral features [21–25]. Neutrino electromagnetic
couplings can potentially introduce spectral features as well
[26–29]. Of particular interest are neutrino magnetic dipole
moments which if sufficiently large lead to enhancements of
the cross section at low recoil energies. NGI either in the light
or effective limits have also different implications and depend-
ing on their nature lead to distinctive experimental signatures
[18, 21, 25, 30–33]. Given the number of new physics scenar-
ios and possible signatures that one could test through mea-
surements of the CEνNS process, it is desirable to systemati-
cally identify signatures that if observed could point towards
the new physics responsible for a signal.
In this paper we consider such identification in the case
of vector and scalar interactions in the light and effective
regimes. For that aim we consider a xenon-based detector and
CEνNS induced by 8B solar neutrinos. We start by writing
the interactions we are interested in Sec. II and review the
limits to which they are subject to in Sec. II B. In Sec. II B 2
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2we derive as well limits from neutrino masses that apply on
scalar interactions (regardless of the size of the scalar medi-
ator mass), and that arise through quark condensation con-
tributing to either the Dirac or Majorana mass operators. Tak-
ing into account these limits, in particular those arising from
COHERENT measurements, we then study the behavior of
the signals according to their parameter space dependence in
Sec. III. We first identify cases in which vector and scalar in-
teractions can be distinguished by measurements of the event
spectrum alone. We then identify cases in which combined
measurements of the event and recoil spectrum are required.
We evaluate as well the capability of multi-ton scale DM de-
tectors to determine the isospin nature of the new physics sig-
nal (using silicon, argon and germanium in addition to xenon)
in Sec. IV. We pay special attention to the case of degenera-
cies in xenon and determine the most suited nuclide for pa-
rameter degeneracy breaking in Sec. IV A. Finally in Sec. VI
we present our conclusions.
II. VECTOR AND SCALAR NEUTRINO GENERALIZED
INTERACTIONS
Vector and scalar NGI scenarios are dictated by the follow-
ing interactions [25]
LV = νγµ( fV + i fAγ5)νV µ+ ∑
q=u,d
hqV qγµqV
µ (1)
and
LSLNC = ν( fS + i fPγ5)νS+ ∑
q=u,d
hqSqqS ,
LSLNV = νc( fS + i fPγ5)νS+ ∑
q=u,d
hqSqqS , (2)
where in the scalar case lepton number conserving (LNC) cou-
plings require the presence of right handed neutrinos. Note
that the couplings can involve CP violating phases that we
do not consider (see Ref. [25] for an analysis including
CP violation). The quark sector can involve as well ax-
ial and pseudoscalar currents. These couplings lead to nu-
clear spin-dependent processes which are suppressed com-
pared with those induced by vector and scalar quark currents.
The CEνNS cross sections induced by the interactions in (1)
and (2) are given by
dσV
dEr
=
G2F
2pi
mN |ξV |2
(
2− ErmN
E2ν
)
F2(q2) , (3)
dσS
dEr
=
G2F
2pi
mN |ξS|2 ErmN2E2ν
F2(q2) , (4)
where Er refers to nuclear recoil energy (Emaxr ' 2E2ν/mN ,
with Eν the ingoing neutrino energy). Note that here we have
assumed the same nuclear form factor for protons and neu-
trons. Such a choice is accurate provided one assumes the
root-mean-square (rms) radii of the neutron and proton distri-
butions are equal. Possible deviations from this assumption—
allowed by uncertainties on the rms radius of the neutron
distribution—require the proton and neutron contributions to
be weighted by their own from factors [34]. For our analysis
we use the Helm form factor [35]. For the rms radii of the pro-
ton distributions of xenon, silicon and germanium we use the
average 〈rk〉=∑k Xkrk, where rk refers to the rms radius of the
k-th isotope [36] 1. The new physics couplings are encoded in
ξV and ξS which read
ξV = gV +
CNV FV√
2GF(2mNEr +m2V )
,
ξS =
CNS FS
GF(2mNEr +m2S)
, (5)
with FV = fV − i fA, FS = fS− i fP. The neutrino-nucleus vec-
tor couplings CNV and gV (SM contribution) as well as the
neutrino-nucleus scalar parameter are obtained by going from
the quark to the nucleus operators. They are written as [18]
CNV = Z(2h
u
V +h
d
V )+(A−Z)(huV +2hdV ) , (6)
gV = Z(2guV +g
d
V )+(A−Z)(guV +2gdV ) , (7)
CNS = Z ∑
q=u,d
hqS
mp
mq
f pTq +(A−Z) ∑
q=u,d
hqS
mn
mq
f nTq . (8)
Here guV = 1/2− 4/3sin2 θW , gdV = −1/2+ 2/3sin2 θW and
sin2 θW = 0.231 [37]. In (8) contributions from the strange
and heavy quarks have been neglected. Values for the
hadronic form factors f p,nTq are derived in chiral perturbation
theory from measurements of the pi-nucleon sigma term [38–
40]. Updated values are given by [39]
f pTu = (20.8±1.5)×10−3 , f
p
Td
= (41.1±2.8)×10−3 ,
f nTu = (18.9±1.4)×10−3 , f nTd = (45.1±2.7)×10−3 . (9)
Note that the new physics couplings in (5) reduce to effec-
tive couplings for m2X  4E2ν (X = V,S), which for Eν .
100MeV—as required by coherence of the neutrino-nucleus
elastic scattering process—means that for mX & 103 MeV
CEνNS induced by the interactions in (1) and (2) is well de-
scribed by the four-point contact interactions studied in Refs.
[18, 21, 32] (effective NGI) with
ξBSMV →
CNV FV√
2GF m2V
, ξS→ C
N
S FS
GF m2S
. (10)
More precise numbers are given in the Sec. II B 2.
A. Recoil spectrum and event rate
We will consider silicon, argon, germanium and xenon de-
tectors. For silicon, germanium and xenon the event rate
1 Choosing a different value will not sizably affect our results. For 8B neu-
trino energies, the form factor approaches 1.
3Silicon Argon Germanium Xenon
Nuc
28Si 9.22 ·10−1 36Ar 3.37 ·10−3 70Ge 2.04 ·10−1 72Ge 2.73 ·10−1 124Xe 9.50 ·10−4 126Xe 8.90 ·10−4 128Xe 1.91 ·10−2
29Si 4.68 ·10−2 38Ar 6.32 ·10−4 73Ge 7.76 ·10−2 74Ge 3.67 ·10−1 129Xe 2.64 ·10−1 130Xe 4.07 ·10−2 131Xe 2.12 ·10−1
30Si 3.09 ·10−2 40Ar 9.96 ·10−1 76Ge 7.83 ·10−2 — — 132Xe 2.69 ·10−1 134Xe 1.04 ·10−1 136Xe 8.86 ·10−2
mN [GeV/c2] 26.16 37.21 67.66 122.29
AN 28.10 39.98 72.70 131.39
TABLE I. Silicon, argon, germanium and xenon stable isotopes along with their relative abundances. Nuclear mass and mass numbers are
calculated by averaging over the relative abundance of each isotope.
spectrum comprises contributions from all their stable iso-
topes (see Tab. I). For argon only the effects of 40Ar are
relevant, given that its relative abundance amounts to 99.6%.
In our analysis rather than using the contributions from all
isotopes we assume a single contribution by fixing the nu-
clear mass and mass number according to 〈mN〉=∑i Ximi and
〈A〉=∑i XiAi. Here mi refers to the mass of the i-th isotope in
GeV/c2, Ai to its mass number and Xi to its relative abundance.
The recoil spectrum can then be written as
dR
dEr
=
NA
〈A〉
∫ Emaxν
Eminν
Φ(Eν)
dσ
dEr
dEν , (11)
where NA = 6.022× 1023 kg−1 and Φ(Eν) the neutrino flux.
The lower integration limit is given by Eminν =
√〈mN〉Er/2,
while the upper limit by the kinematic endpoint of the corre-
sponding neutrino spectrum. The total number of events fol-
lows from integration of the recoil spectrum
Nevents =
∫ Emaxr
Eminr
dR
dEr
A(Er)dEr , (12)
where A(Er) refers to the experimental acceptance. For a
binned analysis limits of integration are determined by bin
width according to Er±∆Er.
B. Constraints on vector and scalar couplings
In this section we first discuss laboratory limits and then
constraints from COHERENT. We then discuss bounds for
light mediator scenarios arising from astrophysical and cos-
mological observations, most of them subject to fairly large
uncertainties. Particularly useful for our analysis are the
bounds arising from COHERENT.
1. Laboratory limits
Laboratory limits include bounds from fixed target and
beam dump experiments, rare charged lepton decays, accel-
erator and neutrino data. They have been recently analyzed
in Ref. [41]. Here we briefly summarize them and discuss
why for interactions (1) and (2) they can easily be evaded.
Apart from accelerator searches, these limits apply only in
the case of light mediators due kinematic constraints. Light
vector or scalar bosons, if light enough, can be produced in
the collision of protons with fixed targets. Production of V
can proceed via Bremsstrahlung or via pion production and
subsequent decay, pi0 → γ+V , while production of S only
through Bremsstrahlung. Limits derived from these types of
experiments rely on charged lepton decay modes, which the
interactions in (1) and (2) generate only at the one-loop order.
These limits therefore can be safely ignored.
Limits from rare charged lepton decays proceed from muon
and tau decays modes comprising V or S in the final state, such
as µ+→ e+νeν¯µ+X (X = S,V ). As in the case of fixed target
and beam dump experiments, limits derived from these type
of processes require the new state to decay to charged leptons
and so in our case these bounds can be readily evaded. LHC
limits arise from Drell-Yan production, Higgs and D meson
decays (ATLAS, CMS and LHCb [42]). At e+e− colliders
(KLOE, BaBar and Belle-II [43–45]) through radiative return
and heavy meson decays. Relevant to our case is only Drell-
Yan production which applies for vector or scalar masses
above 12 GeV. Detection is done by looking for opposite-
charge lepton pairs [42, 46], and so again these bounds we
can safely ignore. Same arguments apply for bounds derived
from neutrino data, which include neutrino trident production
[47–49], Borexino [50] and Texono [51, 52], and which re-
quire couplings of the vector or scalar to charged leptons. In
summary, in some cases the interactions in Eqs. (1) and (2)
allow the production of the vector or scalar bosons. However
since detection relies on charged lepton decay modes, labora-
tory constraints in our case are loop suppressed.
For heavy states, bounds from muon and tau lepton flavor-
violating decay modes (µ−e conversion in nuclei, µ→ eγ and
τ→ ρ`, `= e,µ), contact interactions and violation of univer-
sality could severely constraint the available parameter space
[32, 53]. This however requires couplings to charged leptons
and so these bounds in our case can be evaded too.
2. Limits from neutrino scattering: CEνNS
In general neutrino scattering data can be used to search
for new physics or otherwise to set limits on new interactions.
Sensitivities depend—of course—on the quality of the avail-
able data as well as on the uncertainties that the neutrino-N
cross section involves (N stands for nucleus or nucleon, de-
pending on the incoming neutrino energy). The CEνNS en-
ergy domain is determined by the coherence condition q .
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FIG. 1. Left graph: 90% CL limits on vector couplings for light vector mediator scenarios from COHERENT data assuming an energy flat
quenching factor [9], using spectral and time information and derived through a likelihood analysis. Right graph: Same as left graph but for
scalars.
R−1N , and depending on the target material it is roughly be-
low 100 MeV. The quality of the COHERENT data combined
with a cross section with relatively small nuclear uncertainties
2, makes CEνNS a rather powerful tool.
Depending on the energy window and on the neutrino en-
ergy and mediator mass relative size, other neutrino scattering
processes can play a rather important role for Eν & 0.1 GeV.
For Eν ' 0.1− 20 GeV a number of scattering processes are
relevant. They include neutrino quasi-elastic scattering, neu-
tral current elastic scattering, resonant single pion production
and coherent pion production. Recent measurements of these
processes involve data from MiniBooNE [54–56], NOMAD
[57] and MINERνA [58], among others. Constraints on new
physics from these processes however are nonexistent. The
reason could be related with the fact that these cross sections
are subject to relatively large nuclear effects uncertainties.
For Eν ' 20−500 GeV, the domain of deep inelastic scat-
tering (DIS), the neutrino interacts with a quark in the nu-
cleon. Data comes from CHARM-II [47] and NuTeV [49]
and the cross section is subject to relatively small uncertain-
ties, compared to the previous processes. Bounds for vector
interactions (NSI) in the limit m2V  2EνmNxy (x refers to the
Bjorken variable, y to the inelasticity parameter and mN to
the nucleon mass), have been derived in [59]. DIS limits are
nonexistent for scalar interactions nor for vector interactions
in the mass range m2V ' 2EνmNxy.
Focusing then on CEνNS, constraints on scalar and vector
interactions in the light and effective regimes have been de-
rived in a series of papers using COHERENT data [18, 23,
24, 26]. Recently using the Chicago-3 quenching factor [60]
Refs. [27, 61] updated those limits. We, however, recalcu-
lated them keeping the original quenching factor, but follow
an analyses which includes not only spectral information but
2 Mainly dominated by the lack of experimental information on the root-
mean-square radius of the neutron distribution [34].
temporal information as well [62, 63]. And rather than adopt-
ing a chi-square test implement a likelihood statistical analysis
(see below). The results are displayed in Fig. 1, which show
the 90% CL limits in the CNX FX −mX plane. In there one can
see that at mX & 30 MeV the effective limit starts kicking in
and at mX ' 103 MeV CEνNS is already dominated by it.
To derive these results we have used the spectral neutrino
functions
Fνµ(Eν) =
2mpi
m2pi−m2µ
δ
(
1− 2Eν
m2pi−m2µ
)
,
Fνe(Eν) =
192
mµ
(
Eν
mν
)2(1
2
− Eν
mµ
)
,
Fν¯µ(Eν) =
64
mµ
(
Eν
mν
)2(3
4
− Eν
mµ
)
, (13)
which are then normalized to N = r nPOT/(4piL2), with r =
0.08, nPOT = 1.76×1023 and L = 19.3 m. Recoil energy bin-
ning is determined by number of photoelectrons nPE which are
related with Er through nPE = 1.17(Er/keV) [9, 10]. For the
data analysis we define our likelihood function as:
L(~θ|t,Er) =N ∏
(t,Er)
∫
dα∑
Nbg
P(Nobs,λ)P(Nobs,bg,Nbg)
×G(α,σ2α) , (14)
where P(n,ν) = νne−ν/n! refers to a Poisson distribution
function, while G(x,σ2) = e−x2/2σ2/
√
2piσ2 to a Gaussian
distribution function with zero mean. The new physics pa-
rameters are encoded in the parameter space vector ~θ, N is
a normalization factor that assures unit normalization of the
likelihood function when integrated over ~θ, λ(t,Er) = (1+
α)N(t,Er,~θ)+Nbg(t,Er), is the expected/observed number of
events with uncertainty parameter α accounting for the sys-
tematic uncertainties from flux, nuclear form factor, quench-
ing factor and signal acceptance. From our notation in (14)
5〈qq〉
ν ν
FIG. 2. Contribution to neutrino masses from quark condensates induced by scalar interactions. The contribution can be of Dirac or Majorana
type depending on whether the scalar coupling is or not lepton number violating. The loop refers to quark condensates. It is just a diagrammatic
representation and so no loop suppression factor is involved.
it is clear that we assume this parameter follows a Gaussian
distribution with zero mean and standard deviation σα = 0.28
[9]. N(t,Er,~θ) is the number of neutrino-induced recoil events
predicted by theory and derived from (12) using Eqs. (3) and
(4). Nbg(t,Er) is the true background count (not observed by
definition), while Nobs,bg(t,Er) is the observed background re-
ported by the COHERENT experiment. We therefore inte-
grate over Nbg(t,Er) assuming a flat prior distribution. We
consider both energy and timing spectra by binning the data
with 2 photoelectrons in recoil energy space and 0.5µs in time
space. Further details of this analysis can be found for the vec-
tor case in Ref. [62].
Maximal enhancement of vector and scalar interactions
happen for mX = 1 MeV. For that value the exclusion plots in
Figs. 1 fix the nuclear and neutrino couplings to CNV FV |Exp ≤
7.4× 10−7 and CNS FS|Exp ≤ 5.1× 10−7. The value of the nu-
clear coupling depends on the nuclear target. For 133Cs, for
which the fit has been done, one has
CNV FV =
(
211hdV +188h
u
V
)
FV ,
CNS FS =
(
1154.54hdS +1117.53h
u
S
)
FS . (15)
Assuming hqX = hX , i.e. assuming isospin conserving (vi-
olating) vector (scalar) interactions, bounds on the funda-
mental couplings read hV ×FV ≤ 2.0× 10−9 and hS ×FS ≤
2.2× 10−10. Larger values are possible if a certain degree of
fine tuning is at work, but we will not consider such possibil-
ity. With these numbers it becomes clear that the lighter (heav-
ier) the isotope the less (more) prominent the effects, with the
suppression (enhancement) given by A/ACs.
We calculate the limits in the effective couplings at 90%
CL using COHERENT data with both temporal and energy
spectrum:
ξ˜V = [1.06,13.01]⊕ [64.81,74.77] ,
ξ˜S = [−16.08,16.08] . (16)
Notice that the 90%CL for effective couplings does not con-
tains SM (ξ˜V = 0), this is because including temporal infor-
mation of the COHERENT data gives signal of non-standard
interaction at about 2σ level as discovered in Ref. [62].
3. Limits on scalar interactions from neutrino masses
Scalar interactions are subject as well to constraints from
neutrino masses. Below ΛQCD ' 200MeV quark conden-
sates 〈q¯q〉 induce a contribution to neutrino masses as de-
picted in Fig. 2. Since the neutrino mass operator is calcu-
lated at mν = Σ(p2 = 0), the contribution is relevant regard-
less of the scalar mass. The overall mass scale of the neutrino
mass matrix is determined by GF〈q¯q〉, whereas the lepton fla-
vor structure by the couplings FS. The quark condensate can
be evaluated in the Nambu-Jona-Lasinio model which gives
〈qq〉= (8pi/√3) fpi [64], with the value of the pion decay con-
stant given by fpi = 89.8MeV as measured from the charged
pion decay lifetime [65]. The neutrino mass contribution from
the diagram in Fig. 2 can thus be written as
mν =
8pi√
3
GF fpiFS∑
q
hqS ' 122.5eV FS∑
q
hqS . (17)
At the 95% CL cosmological limits on neutrino masses vary
from ∑mν < 0.6eV to ∑mν < 0.12eV depending on the data
sets used. The most stringent bound is obtained by includ-
ing baryon acoustic oscillation data [66]. This limit combined
with (17) implies
FS×∑
q
hqS < 9.79×10−4 (neutrino mass limit) . (18)
It can be satisfied with large hqS and suppressed FS or vice
versa. Large values for FS and h
q
S are possible too, but a deli-
cate cancellation between huS and h
d
S is required. As discussed
in the previous section, for mS . 103 MeV COHERENT con-
straints are more competitive. Indeed given the values that the
couplings can have in that mass window, scalar interactions
through quark condensates cannot sizably contribute to ∑mν.
Thus, if a signal of this type of interactions is observed and
one can establish mS . 103 MeV, one can be sure that neutrino
mass generation should proceed through a different mecha-
nism.
For mS & 103 MeV one is already in the effective limit
where scalar interactions are controlled by the scalar param-
eter in (10). In terms of the quark couplings this parameter
is maximized in the limit huS → hdS → hS for which, using the
central values of the hadron form factors in (9), CNS can be
written as
CNS = hS [16.54(A−Z)−16.58Z] . (19)
6Thus, combined with the neutrino mass limit the strength of
the scalar interaction compared with the SM contribution is
bounded as follows
Xe : ξS .
(
302.2
mS/GeV
)2
, Ge : ξS .
(
224.8
mS/GeV
)2
,
Ar : ξS .
(
166.6
mS/GeV
)2
, Si : ξS .
(
139.8
mS/GeV
)2
. (20)
As expected from (19) the limit is isotope dependent, but
the differences between heavy (xenon), intermediate (germa-
nium) and light (silicon and argon) nuclides is at most a
factor ∼ 2. The result in (20) demonstrates that only for
mS & 300GeV neutrino mass limits lead to suppressed scalar
couplings. Indeed, they show that if one takes into account
only that constraint the scalar interaction can be way larger
than the SM contribution when mS . 300GeV.
4. Astrophysical limits
Scalar interactions are subject to further constraints that ap-
ply on either quark or neutrino couplings or both simultane-
ously. They were recently discussed in Ref. [23] and below
we summarize them. These limits can be sorted in three dif-
ferent groups depending on how they affect neutrino proper-
ties within the supernova (SN) inner core. Since neutrinos
are trapped in the SN core they can only escape by diffusion,
with the diffusion time determined by tdiff ' R2SN/λ (RSN is
the SN core radius and λ the neutrino mean free path). Re-
gardless of whether the interaction is or not lepton number vi-
olating its presence can reduce tdiff by increasing λ. Assuring
that neutrino trapping is not strongly disrupted, i.e. that tdiff
does not decreases below ∼ 10 secs, translates into an upper
bound on scalar couplings that depends on the scalar mass,
CNS FS . 1.2× 10−7 for mS = 1 MeV and about an order of
magnitude larger for mS = 100 MeV.
In the LNC case, more stringent bounds follow from SN
cooling and sterile neutrino trapping, with the strongest bound
arising from the former. Since sterile neutrinos are not sub-
ject to electroweak interactions, once they are produced they
can escape the SN core, thus leading to fast energy loss if
the active-sterile neutrino rate conversion is high enough. In
the LNV case, instead, the new interaction can modify the
electron neutrino chemical potential for sufficiently large cou-
plings, thus affecting the SN equation of state; something
that can be understood fully in terms of the electron neu-
trino chemical potential. In the absence of new interactions
an electron neutrino asymmetry is present (µνe 6= 0, with µνe
the electron neutrino chemical potential). If the LNV inter-
action attains thermal equilibrium it will enforce 4µνe = µS,
which implies nνe = nν¯e given that µS = 0
3. In other words,
if the new couplings are large enough the interaction will tend
3 The generation of an asymmetry in S (a chemical potential) requires S 6= S∗,
departure from thermal equilibrium and a CP-violating interaction.
to equilibrate nνe and nν¯e , affecting the SN equation of state.
The limits derived from these arguments depend on the scalar
mass. For mS = 1 MeV in the LNC case the most stringent
limit reads CNS FS . 3.3× 10−9, while for LNV interactions
CNS FS . 2.6×10−10.
Light vectors are subject to limits from stellar cooling and
SN arguments as well. Since the temperature of the helium
core in horizontal branch stars is of order 108 K' 10−2 MeV,
vector bosons with masses up to 0.1 MeV can be produced
through 4He Compton scattering processes (this value possi-
ble from the energy tail of the distribution). Avoiding energy
loss through these processes implies hp,nV . 4×10−11 [67, 68].
Constraints from disruption of the neutrino diffusion time in
SN apply as well [69].
There is however few caveats on these bounds that one
should bear in mind. First of all, uncertainties on core-
collapse SN are still large. Limits derived from SN arguments
therefore should be understood as order of magnitude esti-
mations [70]. For vectors, stellar cooling arguments ignore
plasma mixing effects, considering them results in different
bounds [71]. And finally, these limits can be avoided if the
new states couple to scalars that condensate inside the star or
the SN core. In that case the mass of the new states is propor-
tional to the medium mass density, and so their production is
no longer possible [72, 73]. In our analysis therefore we will
not consider them.
III. VECTOR AND SCALAR SIGNALS
In this section we discuss features of both, number of events
and recoil spectrum that can be used to differentiate vector
from scalar interactions signals. The discussion is split in
light and effective interactions. For the former we go into
the “deep” light regime, which from Figs. 1 it can be seen
corresponds to mX . 10 MeV. For the latter, instead, we as-
sume mX & 103 MeV. As for the bounds, in the light mediator
case we use limits from Figs. 1 while in the effective case we
rather use bounds in (16). In both cases we use the 8B solar
neutrino flux and xenon as target material. This choice is well
motivated by xenon-based experiments such as XENONnT,
LZ and DARWIN which will be subject to 8B neutrino back-
grounds [2–4]. In order to be the less experiment dependent,
we assume a ton-year exposure and 100% efficiency. For a
given parameter choice results are expressed in terms of
R≡ NSM+X
NSM
, (21)
where NSM refers to the number of events as expected in the
SM and depending on the case X =V,S.
A. Light mediators
For the light vector mediator case CNV FV ≤ 7.4× 10−7,
while for scalar CNS FS ≤ 5.1× 10−7. Assuming universal
quark couplings these bounds can be translated into bounds
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FIG. 3. Left graph: Number of expected events normalized to the SM expectation for light vector (purple) and scalar (orange) mediators
in a xenon detector assuming a one ton-year exposure and 100% detector efficiency. The result was obtained assuming a 10−1 keV energy
recoil threshold, X =V,S. The vertical orange and purple lines indicate COHERENT upper limits for scalar and vector couplings, respectively.
Middle graph: Recoil spectrum for different light vector mediator masses as a function of recoil energy. This result demonstrates the presence
of dips in the vector spectrum, in contrast to the scalar case. Right graph: Energy recoil region where dips are found in the light vector
mediator case. The black dots located at (CNV FV ,Er) = (1.5× 10−8,10−1 keV) and (CNV FV ,Er) = (5.8× 10−7,3.5) keV fix the boundaries
where dips, though present, are no longer observable in the recoil spectrum. See text (Sec. III A) for further details.
in xenon just by scaling by AXe/ACs ' 0.99. For the calcu-
lation of the recoil spectrum we vary Er from 10−1 keV up
to the recoil energy allowed by the neutrino energy tail of the
8B neutrino spectrum, Eν = 16.56MeV [74]. For the calcula-
tion of the event spectrum Nevents we use a 10−1 keV thresh-
old and integrate up to Er = 97 keV. With that choice we get
NSMevents = 760.25.
The expected number of events (normalized to the SM ex-
pectation) as a function of CX FX is shown in the left graph
in Fig. 3. In there one can see that for small coupling,
CNX FX . 10−9, the new interactions do not generate any siz-
able deviation above or below the SM expectation. Right after
that value vector interactions start depleting the SM contri-
bution, while effects of the scalar (which can only produce
enhancements of the signal) start being visible only above
10−8. From that point on up to about an order of magnitude
(7×10−8) vector and scalar interactions behave rather differ-
ently, producing event rate spectra which have no overlapping
at all. Thus in that coupling range, no matter the mediator
mass as far as it is light, measurements can differentiate be-
tween them both. From that value and up to the value allowed
by COHERENT constraints (vertical orange and purple lines
for scalar and vector, respectively), three regions can be dis-
tinguished: Region I where R = NSM+X/NSM & 84, region II
with R ⊂∼ (1,84] and region III where R < 1. Regions I and
III are covered only by vector interactions, therefore a signal
featuring such values will favor a light vector mediator over
the scalar. Region II is problematic in the sense that in there
using only measurements of R one cannot tell the nature of
the new contribution. There is however an interesting way
through which measurements of R combined with measure-
ments of the recoil spectrum can provide a conclusive answer
in almost all parameter space. Let us discuss this in more de-
tail.
In contrast to scalar interactions vector can produce deple-
tions below the SM expectation. And at the recoil spectrum
level can lead to dips in the spectrum, as exemplified in the
middle graph in Fig. 3 which shows the recoil spectrum for
mV = 1,5,10 MeV calculated for CV FV = 10−7. For a given
coupling CNV FV and vector boson mass mV the location of such
dip is determined by the condition [25]
Er =
CNV FV −
√
2GF |gV |m2V
2
√
2GF |gV |mN
. (22)
For the parameters that define region II and within the “deep”
light vector mediator window we are considering this im-
plies that those dips are located within the recoil energy inter-
val [0.46,4.9] keV, with the left boundary of the interval ob-
tained for (CNV FV ,mV ) = (7× 10−8,1 MeV) and the right for
(CNV FV ,mV ) = (7.4×10−7,4 MeV). Bearing in mind that the
observable recoil energy window is defined by [10−1,3.5] keV
(the value to the left determined by rather optimistic future
thresholds, while the value to the right by the kinematic end-
point energy of the 8B neutrino spectrum) 4, this means that
4 Note that choosing a less optimistic threshold, which very likely will be
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FIG. 4. Left graph: Expected number of events in the presence of vector and scalar effective interactions (mX & 103 MeV) normalized to the
SM expectation as a function of the effective parameter ξ˜X (X = V,S). The calculation is done assuming a 10−1 keV threshold, a 1 ton-year
exposure, 100% detector efficiency and xenon as target material. Included as well is the result for scalar interactions obtained by taking a 1keV
threshold (dashed orange curve). The shadowed stripes indicate the 90% CL limits from COHERENT data. Middle graph: Recoil spectra
for which effective vector and scalar interactions cannot be differentiated by only measurements of R≡ NSM+X/NSM ⊂ (1.0,1.05]. This result
demonstrates that measurements of R combined with measurements of the recoil spectrum can be used to tell whether the signal is due to
vector or scalar effective couplings. Right graph: Comparison of recoil spectra for light scalar mediators and effective vector interactions.
Integration of these recoil spectra lead to R ⊂ [1.05,1.08] in both cases. Combined measurements of R and the recoil spectrum can then be
used to distinguish the interaction responsible for the signal. See text (Sec. III B) for further details.
some dips are not observable. This happens for parameters
in the range CNV FV . 1.5×10−8 and CNV FV & 5.8×10−7, de-
termined by the points where the boundaries 10−1 keV and
3.5 keV intercept the isocontours mV = 1 MeV and mV =
10 MeV in the right graph in Fig. 3, indicated by the black
points. For CNV FV . 1.5×10−8 the expected number of events
barely exceeds the SM expectation, and so in that regard that
region basically does not differ from the region for which
CNV FV . 10−9. For CNV FV & 5.8× 10−7, once is already in
a region where COHERENT bounds on scalar interactions
rules out the possibility of a signal from scalar couplings;
and so differentiation is possible. In conclusion, combined
measurements of R and of the recoil spectrum will suffice—
in principle—to determine the nature of the new physics in
region II as well.
B. Effective interactions
For the effective vector mediator analysis we drop the q2
dependence in (5) and write the coupling according to ξV =
the case, does not change our conclusion: observation of a dip will discard
scalar interactions as being responsible for the signal.
gV + ξ˜V , with ξ˜V subject to the constraints in (16). For the
effective scalar calculation we drop as well the q2 dependence
in ξS in (5) and treat ξS as a free parameter subject to the limits
in (16). By comparing the SM+vector and SM differential
cross sections, Eqs. (3), one can see that in the effective vector
case deviations in the CEνNS process are entirely controlled
by the ratio ξ2V/g2V [15]. In contrast scalar interactions have a
different energy dependence, and so a full calculation of the
recoil spectrum and its integration according to Eq. (12) are
required.
The left graph in Fig. 4 shows the expected number of
events (normalized to the SM expectation) as a function of
the effective couplings ξ˜X (X =V,S). The shadowed vertical
stripes indicate the 90% CL limits on ξV (purple) and ξS (or-
ange). In terms of R two regions can be identified. A region
entirely dominated by the vector interaction where R . 0.94
(the new vector interaction destructively interferes with the
SM contribution) and a second region where R> 1. In the lat-
ter two subregions can be identified: (i) One where R exceeds
1.05 but never above 1.08, (ii) a second where R goes above
the SM expectation but does not exceed 1.05. Measurements
yielding R . 0.94 or R ⊂ [1.05,1.08] will point to a vector
interaction as responsible for the signal. In contrast, for mea-
surements resulting in R ⊂ (1,1.05], R alone cannot be used
to disentangle whether the signal is related with a vector or a
9scalar interaction.
To break such “degeneracy” one can check the recoil energy
spectrum and see whether vector and scalar interactions lead
to different spectral features. The key observation here is that
the differential cross sections for scalar and vector interactions
have different recoil energy dependencies. As a consequence
the effect of vector interactions is just an overall rescaling of
the SM expectation, while for the scalar coupling energy de-
pendent differences are found. This can be seen in the mid-
dle graph in Fig. 4 which shows the vector and scalar recoil
spectra evaluated for couplings in that region: ξV = 74.18 and
|ξS|= 16.08. One can see that scalar interactions produce re-
coil spectra that at small recoil energies tend to overlap with
the SM expectation and to departure from it at higher Er. This
is not the case for vector-induced spectra which follow the
SM spectrum up to a multiplicative factor. Disentanglement
of vector and scalar interactions in the region R ⊂∼ (1.0,1.05]
can then be done—in principle—combining information on
R and on the recoil spectrum, provided the new physics cou-
plings have values such that sizable departures from the SM
prediction are observed and the detector has a good spectral
resolution.
Regarding the effective interactions analysis there is how-
ever a caveat on some of our conclusions. Measurements
yielding R ⊂∼ [1.05,1.08] can be obtained as well in the light
scalar mediator case, as shown in the left graph in Fig. 3.
So although such measurements cannot result from effec-
tive scalar interactions, they can if the scalar mediator is
light. For a light scalar, R⊂∼ [1.05,1.08] results from CNS FS ⊂
[1.2,2.6]×10−8 for mV = 1MeV or CNS FS ⊂ [1.5,3.7]×10−8
for mV = 10MeV. This ambiguity can be—in principle—
removed with the aid of the recoil spectrum. As shown in the
right graph in Fig. 4, whether this is the case depends on mS.
For values of mS close to 1 MeV the recoil spectrum is rather
peaked at low energies and largely differs from the recoil spec-
tra induced by effective vector interactions. As mS increases
towards values close to 10 MeV a strong overlapping between
light and effective spectra is instead found. Thus the question
of whether one can disentangle vector (effective) and scalar
(light) interactions in the region R⊂∼ [1.05,1.08] depends to a
large extent on mS.
IV. ISOSPIN CONSERVING VERSUS ISOSPIN
VIOLATING INTERACTIONS
In what follows we discuss the capability of ton-size DM
detectors to identify the isospin nature of the new interaction.
From Eqs. (6) and (8) one can see that the conditions
huV = h
d
V , h
u
S = 11.9h
d
S , (23)
assure isospin conserving interactions (for the scalar case we
are using the hadronic form factors central values, see Eq.
(9)). Deviations from these relations lead to isospin violation,
of which one can distinguish three (extreme) particular cases.
Protophobic and neutrophobic interactions and degeneracies.
The latter defined as a region in parameter space for which
the new physics signal exactly vanishes in a given detector
(for a given nuclide). The relations between the fundamental
quark couplings that define each case depend—of course—on
whether the interaction is vector or scalar (regardless of the
size of the mediator mass). Starting with the vector case one
finds (degeneracy in a (A1,Z1) nucleus):
Protophobic : huV =−hdV/2 ,
Neutrophobic : huV =−2hdV ,
Degeneracy : huV =−
2A1−Z1
A1+Z1
hdV . (24)
For scalar interactions instead the relations can be written as
Protophobic : huS =−
mu
md
f pTd
f pTu
hdS =−0.92hdS ,
Neutrophobic : huS =−
mu
md
f nTd
f nTu
hdS =−1.11hdS ,
Degeneracy : huS =−
mu
md
Z1mp f
p
Td
+N1mn f nTd
Z1mp f
p
Tu +N1mn f
n
Tu
hdS
=− 9.01A1−0.81Z1
8.07A1+0.79Z1
hdS . (25)
Experimentally establishing isospin conservation or these
isospin-violating scenarios (or any other intermediate isospin-
violating case) cannot be done on the basis of a single mea-
surement. In the case of degeneracies is rather obvious that
at least two independent measurements are required. One in
which no deviation from the SM is observed and one where
degeneracy is broken, at least partially. In the protopho-
bic and neutrophobic cases the reason as well is rather sim-
ple. The new physics is controlled by CNX FX which can be
“reparametrized” according to
FVCNV = FV h
p
V [Z+ rV (A−Z)] , (26)
FSCNS = FSh
p
S [Z+ rS(A−Z)] . (27)
These quantities involve the overall factor and the ratio rX =
hnX/h
p
X , which a single measurement cannot fix without am-
biguity. Two measurements in different detectors instead will
enable pinning down their values, at least in the effective case.
To demonstrate how this can be done we focus on the ef-
fective vector case and assume that out of the two different
measurements one is done in a xenon-based detector. This
means that a deviation in the SM prediction has been ob-
served and that using the arguments of the previous section
the effective vector nature of the new interaction has been es-
tablished. Therefore measurement of R in the xenon detec-
tor fixes ξ˜V = ξ˜|Xe. This information can be used to fix the
overall factor FV h
p
V to FV h
p
V = ξ˜|Xe/(ZXe+NXerV ). With that
information as an input one can then calculate the number of
events in a second detector (D2) as a function of rV . The value
of rV for which ND2theory = N
D2
Exp will tell whether the new inter-
action is isospin conserving or violating: rV = 1 will establish
isospin conservation, while any other case will prove other-
wise. Note that the protophobic and neutrophic scenarios will
be favored by rV  1 and rV  1, respectively.
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FIG. 5. Left graph: Expected number of events in silicon and argon detectors as a function of rV = hnV /h
p
V (h
n
V and h
p
V refer to the couplings
of the new “heavy” vector to neutrons and protons respectively). The result was obtained assuming a xenon detector has measured R = 1.08
(i.e. NXeevents = 821 events/ton-year) and an effective vector interaction has been established as responsible for the signal (see sec. III B). For
this particular benchmark case, measurements NSievents ' 288 and NArevents ' 342 will favor an isospin conserving interaction (rV = 1), deviations
from these values will instead favor isospin violation. Right graph: Number of events/ton-year in an argon detector for various recoil energy
thresholds. For E thr > 3keV, the lack of statistics will make the isospin test analysis hard. In that case exposures above 1 ton-year will be
required [75].
To show the performance of different detectors we take
the parameter space point for which R = 1.08, obtained for
ξ˜V |Xe = 74.77 (see left graph in Fig. 4). With the overall fac-
tor in (26) fixed according to this number, we then calculate
the expected number of events in argon and silicon detectors
as a function of rV . The result is displayed in the left graph
in Fig. 5, which shows the number of events in each detec-
tor as a function of rV . Although done for a particular point
in parameter space, this result allows to capture the general
picture. Light isotopes have a stronger rV dependence, so are
better suited to determine the isospin character of the new in-
teraction. For silicon and for rV varying as shown in Fig. 5
(left graph), Nevents decreases about 63% while for argon about
39% (we checked for germanium as well and in that case the
variation is smaller). Note that this conclusion is inline with
analysis done in the context of isospin violating DM [76]. The
number of events increases in the neutrophobic case and de-
creases in protophobic scenarios. Such behavior can therefore
be used to identify the scenario to which the new physics be-
longs. The results displayed in the left graph in Fig. 5 are
derived by assuming a 0.1 keV threshold. If one takes in-
stead more realistic (experimentally) values, the number of
events can drastically decrease as shown in the right graph in
Fig. 5. In such a case larger exposures will be required so to
determine the isospin nature of the new interaction, something
feasibale at e.g. the Argo detector of the Global Argon Dark
Matter Collaboration [75].
A second measurement then fixes rV —of course within ex-
perimental uncertainties—and that information can be used
to partially reconstruct the parameter space hu,dV of the model
responsible for the signal. If it turns out that the model is pro-
tophobic or neutrophobic partial reconstruction can be done
right away with the aid of Eqs. (24). It is worth pointing out
that the procedure outlined here applies in the same manner
to the effective scalar case. It applies as well in light me-
diator scenarios but in those cases rX is determined within a
range, as we now explain. Measurement in the xenon detector
provides R = R|Xe and fixes the nature of the new interaction
to, say, light scalar mediator. This value for R is obtained
not for a single value of FSCNS , but within the interval I =
[FSCNS |min,FSCNS |max] (see left graph in Fig. 3). For the overall
factor in Eq. (27) this translates into FSh
p
S = I/(ZXe+NXerS),
thus leading to an spread in the calculation of ND2theory in terms
of rs.
A. The case of degeneracies
We now turn to the discussion of parameter space degenera-
cies. For that aim we will assume that degeneracy happens in
a xenon detector and will determine which among the silicon,
argon and germanium detectors performs better at breaking
the degeneracy. For such choice and according to Eqs. (24)
and (25) the proton and scalar couplings can be entirely ex-
pressed in terms of hdX
Vector : hpV=−1.252 hdV , hnV = 0.874 hdV ,
Scalar : hpS =−0.964 hdS , hnS = 0.672 hdS . (28)
With these results one can evaluate the nuclear coupling in
silicon, argon and germanium in terms only of hdX
CNV |Si =−5.2hdV , CNV |Ar=−3.3hdV , CNV |Ge =−4.5hdV ,
CNS |Si =−4.0hdS , CNS |Ar =−2.5hdS , CNS |Ge =−3.5hdS . (29)
For the calculation of the number of events in the different de-
tectors and for the effective case we then vary FV hdV within the
interval [−1,0] to assure ξV > 0, as required by (16). FShdS we
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FIG. 6. Top-left graph: Number of events normalized to the SM expectation in silicon, argon and germanium detectors assuming parameter
space degeneracy in a xenon detector CNX |Xe = 0. The result was obtained assuming E thr = 0.1 keV and an effective vector interaction. Top-
right graph Same as in the top-left graph but for effective scalar interactions. Both results demonstrate that the silicon detector performs
better for degeneracy removal and allow to distinguish in almost all parameter space vector from scalar signals. Bottom-left graph: Same as
in the top-left graph but for vector light mediators. As in the effective case—in general—silicon performs better. However in contrast to the
effective case the signal is more degraded (below the SM) in germanium, so whether silicon or germanium are more suited for breaking xenon
degeneracies depends on where the values of the parameters fall in. Bottom-right graph: Same as in the top-left graph but for scalar light
mediators. For light mediators scenarios the calculation has been done fixing mX = 1 MeV, value for which effects are maximized (within the
mass range we are considering).
instead vary within [−1,1]. For light mediators we vary hdX
within [10−9,10−7], to—again—guarantee constraints from
COHERENT are satisfied. We calculate as well the SM ex-
pectation for each isotope:
NSMEvent|Si = 136.5 , NSMEvent|Ar = 234.5 , NSMEvent|Ge = 417.8 .
(30)
The results are shown in Fig. 6. From the graphs on top, which
correspond to the effective vector (left) and scalar (right)
cases, one can see that silicon performs better than argon and
germanium. The vector interaction depletes NEvent below the
SM expectation. For silicon the depletion amounts to about
0.1×NSMEvent|Si. For scalar interactions deviations from the SM
prediction are somehow more modest, in silicon they amount
at most to 10%. Thus, breaking scalar degeneracies in xenon
will require a silicon detector with a high event rate resolu-
tion. All in all, among the isotopes we are considering, study
of degeneracies in xenon generated by effective interactions
should be—ideally—done combining measurements in xenon
and silicon detectors.
From the graphs on top one can see as well that identifi-
cation of vector and scalar interactions can be done in all the
parameter space we are considering just by measurements of
R. Depletions below the SM expectation will establish vec-
tor interactions as responsible for the signal. Enhancements,
instead, will favor scalar interactions. Measurements in a sil-
icon detector will therefore not only remove the parameter
space degeneracy but will also establish the nature of the new
physics.
In the case of light mediators silicon performs—in
general—better than argon and germanium. However, as
shown in the bottom-left graph, for vectors germanium is
more sensitive to depletions than what silicon and argon are.
The question of xenon degeneracy breaking thus depends to
a large extent on the window where the parameters happen to
fall in. For germanium, in the range FVCNV & [0.5,3.0]×10−8
the signal is depleted below the SM expectation with values as
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FIG. 7. Left graph: Expected event rate spectrum for vector and scalar light mediators at XENON1T assuming a 2 ton-year exposure.
Parameters are chosen to maximize the new physics event rate. Any other choice will therefore lead to events below these values. Right
graph: Expected event rate spectrum for vector and scalar effective interactions. Results for LZ (10 ton-year) can be directly derived by
rescaling these event rate spectrum by a factor 5. For comparison the SM expectation is also shown (orange histogram). These results
demonstrate that low recoil threshold measurements will provide sufficient statistics with which precise studies of new interactions can be
done.
small as 0.4NSMEvent|SM ' 167.1. For values FVCNV & 3.0×10−8
the signal gets enhanced, with those enhancements leading
to signals that can exceed the SM prediction by three orders
of magnitude in silicon. For light scalars, values of the cou-
plings at 10−8 lead to enhancements of order 3, as shown in
the bottom-right graph. Above those values the signal can ex-
ceed the SM expectation by more than a factor 102, in silicon
as well.
After measurements in silicon are carried out they can be
used as well to distinguish vector from scalar interactions, at
least in certain regions of parameter space. Comparing the
bottom-left and bottom-right graphs in Fig. 6 one can see that
vectors produce enhancements that scalars cannot reach. Thus
measuring R above ∼ 200 will provide an experimental prove
that a new light vector boson is at work. As we discussed in
sec. III, observation of depletions below the SM prediction
will favor vector interactions over scalar, and that applies in
this case too. In the region R ⊂∼ [1.1,200], one finds the same
situation discussed in sec. III: A counting experiment alone
cannot distinguish vector and scalar signals. In that case infor-
mation of the recoil spectrum is required to gain information
on the nature of the new interaction.
We close this section by stressing that measurements of
CEνNS in xenon detectors matching the SM prediction not
necessarily rule out the presence of new physics. In that case
our results encourage measurements in any of the target ma-
terials we have considered, but ideally in silicon.
V. CEνNS AND NEW INTERACTIONS IN XENON1T AND
LZ
We now quantify the modifications that the interactions
in (1) and (2) introduce on the CEνNS event rate spectrum
for on-going and future Xenon-based experiments [3, 77].
Since for both cases we use a simplified acceptance func-
tion A(Er/keV) = H(1−Er/keV), the differences between
the spectra arises only from exposure. For XENON1T we
take EXe1T = 2ton-year while for LZ ELZ = 10ton-year. We
therefore present only results for XENON1T, results for LZ
are obtained by a factor 5 rescaling.
With this detector specifications we then calculate the event
rate spectrum first for light mediator scenarios and then for ef-
fective interactions. To do so we chose parameters that max-
imize enhancements/depletions above/below the SM expec-
taction (see Secs. III A and III B). The results are displayed
in Fig. 7. For light mediators (left graph) one can see that in
both cases the number of CEνNS events can readily exceed by
far the SM expectation, provided thresholds are pushed below
2 keV or so. For the parameter combinations that maximizes
the event rate we find NVecEvents ' 1643 and NScaEvents ' 4340, to be
compared with the SM expectation NSMEvents ' 189. It is worth
stressing that lower thresholds, e.g 0.1 keV as has been used
for the analyses in Sec. III, tend to diminsh the scalar-induced
event rate compared to the vector. This can be easily under-
stood from the vector and scalar differential cross sections in
Eqs. (3) and (4). The scalar being proportional to Er gets de-
pleted at low thresholds, something that does not happen with
the vector. Thus, measuments at, say, 0.1 keV somehow fa-
vor detection of vector interaction signals, on the contrary at
1 keV detection of scalar signals is favored instead. The same
conclusion is found in the effective limits as well.
For effective interactions (right graph) results are rather dif-
ferent as a consequence of the possible (maximum/minimum)
values the effective vector and scalar couplings can have, re-
sulting in deviations from the SM expectation not as pro-
nounced as they are in the light mediator case. Vector inter-
actions can yield up to NVecEvents ' 205, with that number di-
minished down to NVecEvents ' 112 or NVecEvents ' 79 depending on
parameter choice. Note that depletions below the SM expec-
tation are found as well in the vector light mediator case (see
left graph in Fig. 3), so observation of event rates below those
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of the SM will be a sufficient criteria to establish the vector
nature of the new interaction. For the scalar coupling case
we find NScaEvents ' 221, as expected always exceeding the SM
prediction. In summary, in both cases (vector and scalar) the
number of events exceeds (or goes below) the SM expectation
with an statistics that might be sufficient to identify the new
interaction as well as to eventually reconstruct its “morphol-
ogy”.
VI. CONCLUSIONS
In this paper we studied the sensitivity of multi-ton DM
experiments to distinguish vector and scalar new physics sig-
nals, through measurements of CEνNS processes induced by
8B neutrinos. We addressed the question of whether given a
signal not matching the SM expectation those measurements
can identify the nature of the new interaction (assuming the
CEνNS signal can be differentiated from a DM signal). We
considered the case of light mediators as well as the effective
case. The former taken deep inside the light mediator window
[1,10]MeV, while the latter valid for mX & 103 MeV. We used
the recent COHERENT timing and energy data and neutrino
mass scales to apply constraints on both scalar and vector in-
teractions for light and heavy mediators before we investigate
them at the DM detectors. Using a xenon-based DM detector
we identified cases where measurements of the event spec-
trum alone suffices to establish whether the signal is due to
vector or scalar couplings. For light mediators, measurements
yielding R=NSM+Vec/NSM& 84 or R. 1 will demonstrate the
presence of a new light gauge boson, while discarding a dom-
inant light scalar contribution. In the effective case, instead,
measurements resulting in R& 1.05 or R. 1 will demonstrate
that a “heavy” vector mediator is at work.
We identified as well a region of degeneracy where a de-
viation above the SM prediction can be accounted for by ei-
ther the vector or the scalar interaction. In the light mediator
case we found that for measurements resulting in R⊂∼ (1,84],
disentanglement of the vector and scalar contributions can-
not be done only by measurements of the event spectrum. In
the effective case we found that such region exist as well for
R ⊂∼ (1,1.05]. We showed that such vector-scalar signal de-
generacy can be broken by combined measurements of the
event and recoil spectra. In the light mediator case identi-
fication of vector interactions is possible because there is al-
ways a dip in their recoil spectrum for recoil energies between
0.1−3.5 keV, whereas for scalars this is never the case. In the
effective case, scalar interactions lead to recoil spectra that fall
more steeply than vector recoil spectra do. Combined mea-
surements of number of events and recoil spectra can then be
used to identify the origin of the new physics signal.
We considered as well the capability of multi-ton DM de-
tectors to measure the couplings of the new mediator to pro-
tons and neutrons, or in other words to determine whether
the new physics is or not isospin conserving. For that aim
we considered xenon, silicon, argon and germanium detectors
and focused on three extreme scenarios: protophobia, neutro-
phobia and degeneracies. The latter defined as a scenario in
which the new physics exactly cancels in a particular nuclide.
We showed that in the effective case two independent mea-
surements of the event spectrum are sufficient to pin down the
value of the neutron-to-proton couplings ratio, and so to estab-
lish whether the new physics conserves or breaks isospin. We
demonstrated that to establish the isospin nature of the new
interaction, given a first measurement in xenon, silicon is the
most suited nuclide among those we considered. We stressed
that in contrast to measurements of these type for DM, in this
case statistics is—in principle—not an issue and so implemen-
tation of such detector complementarity should be feasible.
We studied the case of parameter space degeneracies as-
suming the new physics signal exactly vanishes in xenon. We
showed that degeneracy breaking can be done in any of the
detectors considered, but silicon performs way better in both
cases, light and effective limits. The exception being only
a particular region in parameter space for light vector medi-
ators, where depletions in germanium are more pronounced
than in argon and silicon. We pointed out that if measurements
in xenon match the SM expectation, efforts towards measur-
ing CEνNS in other ton-size detectors using silicon should be
carried out to test whether new physics is hidden in measure-
ments involving xenon.
Finally, we found that the new vector and scalar interactions
can be investigated with ∼ 210−4000 events (for parameters
that maximize the event rate) with a 2 ton-year experiment
(e.g. XENON1T), or five times those values for a 10 ton-year
exposure (e.g. XENONnT and LZ), if the nuclear recoil en-
ergy threshold is reduced down to 1 keV. Depletions below
the SM expectation can be expected too. With still sufficient
statistics, ∼ 80−110, they will demonstrate that the origin of
the new signal arises from a new vector force. Note that the
current thresholds ∼ 5 keV (XENON1T) and 4.4 keV (LZ)
would not apply any constraints on scalar and vector interac-
tions in the 8B solar neutrinos. We also stress that the results
presented here apply as well to other CEνNS-related experi-
ments such as CONNIE [11], CONUS [12] and ν-cleus [13].
Interpretation of data from these experiments in terms of new
physics should take into account the results we have presented
in this paper.
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